ABSTRACT The application of a juvenile hormone analog, methoprene, to newly emerged adult males reduced the time required for sexual maturation and enhanced mating success in several species of tephritid fruit ßies. In this work, we investigated the effect of topical methoprene application on West Indian fruit ßy, Anastrepha obliqua (Macquart), male calling, mating, and volatile release. Males treated with topical methoprene exhibited sexual maturation and reproductive behavior 2 d earlier when compared with control males treated with acetone. Methoprene-treated males began calling and mating at 4 d old, whereas control males did not call and mate until 6 d old. The gas chromotographyÐ mass spectrometry analysis of volatiles showed that during calling A. obliqua males consistently released four compounds; three of them were identiÞed as (Z)-3-nonenol, (Z,E)-␣-farnesene, (E,E)-␣-farnesene, and a fourth compound with the appearance of a farnesene isomer. Both treated and control males released the same compounds, although treated males started to release volatiles before that control males. The results are discussed in view of possible methoprene application with the aim of reducing costs in ßy emergence and release facilities before eventual release of A. obliqua in the Þeld, thus improving the sterile insect technique.
Fruit ßy species belonging to the genus Anastrepha (Diptera: Tephritidae), native to the American continents, are among the most important pests worldwide because of their direct economic impact on fruit production and strict quarantine restrictions (Aluja and Mangan 2008) . The West Indian fruit ßy, Anastrepha obliqua (Macquart) , is considered the second most important tephritid fruit ßy affecting the fruit growing industry in Mexico in terms of fruit infestation, control, and quarantine (APHIS 1970 , Enkerlin et al. 1989 , Reyes et al. 2000 . The most common fruit hosts of this species are hogplum fruits (Spondias spp.), although mangoes (Mangifera indica L.) experience the majority of economic damage. Other fruit species, such as sapodilla (Achras zapota L.) and guava (Psidium guajava L.), occasionally are attacked by this fruit ßy (Norrbom and Kim 1988, Hernández-Ortiz 1992) .
The sterile insect technique (SIT) is used as a component of area-wide integrated pest management (IPM) (AW-IPM) of tephritid fruit ßies (Enkerlin 2005 , Klassen 2005 ). In Mexico, SIT has been applied for eradication of Ceratitis capitata Wiedemann, and Anastrepha spp. in the northwest in Mexico succeeding in the establishment of free areas (Rull et al. 1996 , Reyes et al. 2000 . The technique involves the mass production of the target species and release of sterile sexually mature (8 Ð10-d-old) males in marginal areas infested with wild ßies to improve mating between sterile males and wild females. The mating of sterile and sexually mature insects yields infertile eggs, thus reducing the fertility of the Þeld population of the target species (Klassen 2005 , Shelly et al. 2009 , Domṍnguez et al. 2010 . Approximately 150 million Anastrepha ludens (Loew) and 40 million A. obliqua individuals are released weekly . The period between adult emergence and sexual maturity of A. obliqua males poses a signiÞcant problem for the SIT programs as males must be held for a long period for reaching sexual maturity before release; releasing immature sterile males into the Þeld results in fewer surviving to maturity and copulation (Teal et al. 2000) . The development of cost effective methods to accelerate sexual maturity in mass-reared ßies may have a signiÞcant positive impact on efÞcacy of SIT programs because it could lead space savings and release of sexual mature males (Pereira et al. 2010) .
Over the last few years, some studies have explored the use of the juvenile hormone analog, methoprene, to accelerate sexual maturity in recently-emerged males belonging to the Anastrepha genus, thus reducing holding costs (Teal et al. 2000 , Segura et al. 2009 , Shelly et al. 2009 , Pereira et al. 2010 . For example, it has been demonstrated in Anastrepha suspensa (Loew) that exposure to methoprene and protein consumption during the adult presexual maturation period hastens male tephritid sexual maturation and may lead to greater sexual success in the Þeld through increased pheromone production (Teal et al. 2000 , Teal and Gomez-Simuta 2002 , Pereira et al. 2010 ). Previously, it was reported that pheromone calling of A. obliqua was affected when males were treated topically with methoprene (Teal et al. 2007 ). Aluja et al. (2009) , using ßies collected directly from infested host plant fruit, found that methoprene did not accelerate sexual maturation of A. obliqua males when adults were allowed to feed ad libitum on artiÞcial diet and methoprene.
In the current study, we investigated the effect of topical methoprene on calling and mating behavior in A. obliqua males. SpeciÞcally, we report a detailed study of the effect of methoprene on calling behavior, mating success, and amount of volatiles released by A. obliqua males of 16 d old after eclosion, considering that a rapid maturation of A. obliqua males can lead to cost reductions at ßy handling facilities in SIT programs because of space savings and release of sexual mature males.
Materials and Methods
Insects. Irradiated pupae used in these experiments were from a strain obtained from the Subtropical Agricultural Research Laboratory (United State Department of Agriculture-Agricultural Research Service [USDA-ARS], Weslaco, TX). Flies originally were collected from Spondias mombin L., fruits in the state of Veracruz, Mexico (Moreno et al. 1997 ). This strain had been reared on an artiÞcial diet for Ͼ100 generations at the Moscafrut mass rearing facilities (Secretarṍa de Agricultura, Ganaderṍa, Desarrollo Rural, Pesca y Alimentació n-Instituto Interamericano de Cooperació n para la Agricultura [SAGARPA-IICA]) located in Metapa de Dominguez, Chiapas, Mexico, with two introductions of wild material, the Þrst during 1994 and the second during 2002 (Artiaga-Ló pez et al. 2004 ). Control and methoprene treated males were placed separately in wooden cages covered with mesh sides (65 by 65 by 45 cm) and kept at 27 Ϯ 2ЊC, 60 Ð70% RH, and a photoperiod of 12:12 (L:D) h. Females also were placed in separated cages of the same dimensions. The photophase began at 0700 hours and ended at 1900 hours. Insects were maintained in separated cages and fed ad libitum with a mixture of enzymatic hydrolyzed yeast (ICN Biomedical, Irvine, CA) and sucrose (1:3). Water was provided in glass tubes covered with cotton wicks.
Methoprene Application. Within the Þrst 4 h after emergence, adult A. obliqua males were immobilized by chilling at 4ЊC for 3 min before the topical application of methoprene (Juvenile hormone analog, Zoecon Corporation, Palo Alto, CA). We used the dose of 5 g of methoprene because preliminary trials showed that when a lower dose (3 g) was applied, the percentage of calling and the amount of volatiles released by treated males were similar to those of control males, whereas a higher dose (7 g) killed the treated males. One microliter of the solution containing 5 g of methoprene dissolved in 1 l of acetone per males was applied with a microsyringe (Hamilton Co., Reno, NV) onto the sternal part of the maleÕs abdomen. For control males, the same solution quantity (1 l of acetone alone) was applied. Two different microsyringes were used in each treatment to prevent methoprene contamination. Flies from each treatment were maintained in separate 30-by 30-by 30-cm screen cages at a density of 100 males per cage until tested.
Calling and Mating Behavior. Calling behavior of A. obliqua was monitored using methoprene treated and control ßies of different ages (1-, 2-, 3-, 4-, 5-, 6-, 8-, 10-, 12-, 14-, and 16-d-old adult males). Ten treated and ten control males from each age group were placed separately in transparent glass cages (30 by 30 by 30 cm) covered with white mesh. Six replications by age of methoprene treated and control males were conducted. A male was considered calling when its pleural pouches were inßated and wing fanning movements commenced. During calling behavior, Anastrepha males produce sound and release volatiles through the mouth, anus, and sometimes directly from the cuticle by evaporation to attract females (Nation 1989). The number of males calling in each cage was recorded every 10 min during the Þrst 4 h of the photophase (from 0700 to 1100 hours). This time period coincides with the calling peak for this species (Aluja et al. 2000) .
Mating behavior of A. obliqua was recorded using the same methodology described for calling behavior, except that each 10-male group, whether treated or control, were placed together with 10 untreated females. Females used in these assays were the same age as males. Six replications by age of males treated and control males were conducted. Mating occurs when the male leaps over the head of the female and onto her abdomen. Mating behavior during the process of intromission in A. obliqua is similar to that described for A. ludens (Briceñ o et al. 2011 ). The number of matings was recorded every 10 min during the Þrst 4 h of the photophase, and the mating pairs removed.
Collection of Volatiles. Volatiles emitted by calling A. obliqua males were collected during the Þrst 4 h of the photophase by using a system described elsewhere (Heath and Manukian 1992) . A charcoal-Þltered air stream (1 liter/min) was maintained through the glass insect-holding chamber. Volatiles were collected from groups of 10 treated and 10 control males from each Collected volatiles were eluted with 200 l of methylene chloride (HPLC grade; J. T. Baker, Phillipsburg, NJ) and 25 l of tridecane (100 ng/l) was added as an internal standard to quantify the volatile components captured. The hermetically sealed vials containing the extracts were stored at Ϫ20ЊC for later chemical analysis. To avoid cross contamination between replicates and males from different treatments, the volatile collection was made by age using treated males in one glass chamber and untreated males in another. After each volatile collection, the glass chambers were rinsed with distilled water, detergent, and acetone, and dried in an oven at 100ЊC for 1 h. All volatile collections were performed in a room without windows at 25 Ϯ 2ЊC and 50 Ð 60% RH. Illumination was provided by four 39-W ßuorescent lamps placed 3 m above the volatile collection devices. The number of replicate males from which volatiles were collected on each age category varied because we had difÞculty obtaining the same number of treated and control males, but we always collected 10 males from groups on each replicate. Therefore, at least four to 10 replicates were performed by age of treated, and three to six for untreated males. Chemical Analysis of Volatiles. Chemical analysis of the extracts was conducted using a Varian CP-3800 gas chromatograph coupled with a Varian Saturn 2200 (GC-MS Varian, Palo Alto, CA) mass spectrometer. A nonpolar fused silica capillary column DB5-MS (30 m by 0.25 mm; Supelco, Toluca, Mexico) was used. The analysis was performed using an initial temperature of 50ЊC (for 2 min) increasing 15ЊC/min to 280ЊC (for 10 min). Helium was used as the carrier gas. Injector temperature was 200ЊC. Ionization was by electronic impact at 70 eV.
The compounds in volatile collections were identiÞed by comparing their data with those of synthetic standards. Synthetic standards of (Z)-3-nonenol, farnesene racemic (including (Z,E)-␣-farnesene, and (E,E)-␣-farnesene) were supplied from Sigma-Aldrich (Toluca, Mexico). Amounts of volatile compounds released by males are reported in nanograms per male per hour.
Statistical Analysis. Calling and mating data from treated and untreated males were analyzed by split plot design. Calling and mating data obtained from males of the same age corresponds to the total frequency of males calling from 0700 to 1100 hours, with six replicates. Mating data were transformed by ͌x and submitted to a one-way analysis of variance (ANOVA). SigniÞcant ANOVAs were followed by TukeyÕs test (P Ͻ 0.05) for mean separations. Data from the volatiles collected from treated and control males were analyzed using multivariate analyses of variance (MANOVA), considering an unbalanced bifactorial (six by two) design, where the quantity of volatiles released was considered the dependent variable response, treated and control males as the factor 1, and male age as factor 2. We did not include data from 4-and 5-d-old males in the statistical analysis because the control was zero. To determine the contribution of the variables measured by the differences detected in the MANOVA, we carried out one-way analyses of variance for each major volatile released (Zar 1999) . All data were analyzed using Minitab version 15.1 (Minitab, Inc. 2007) .
Results
Calling and Mating Behavior. The results of oneway ANOVA showed that age (F ϭ 5.76; df ϭ 5, 30; P Ͻ 0.01), and the topical application of methoprene (F ϭ 460.6; df ϭ 1, 30; P Ͻ 0.0001) affected the calling behavior of males. However, age and the topical application of methoprene interaction term was not signiÞcant (F ϭ 2.13; df ϭ 5, 30; P Ͼ 0.05). This mean that treated and control are different for each male age. Percentages were based on observations of groups of 10 males (n ϭ 6) divided into treated and control categories. Error bars represent the standard error. ***Mean signiÞcant difference between treated males compared with control at P Ͻ 0.001.
Males treated with methoprene began calling at 4 d old, whereas control males called until 6 d old (Fig. 1) .
Males treated with methoprene began to mate earlier than control males. The results of one-way ANOVA revealed that age (F ϭ 13.5; df ϭ 5,30; P Ͻ 0.0001), topical application of methoprene (F ϭ 175.9; df ϭ 1, 30; P Ͻ 0.0001), and age ϫ topical application of methoprene interaction affected the mating (F ϭ 6.2; df ϭ 5, 30; P Ͼ 0.001). Multiple comparison means by Tukey test revealed that the mating was different in 6-, 8-, 10-, 12-, 14-, and 16-d-old males treated with methoprene compared with control (Fig. 2) .
Volatiles Released. The gas chromotographyÐmass spectrometry analyses (GC-MS) of volatiles showed that during calling A. obliqua males consistently released four compounds; three of them were identiÞed as (Z)-3-nonenol, (Z,E)-␣-farnesene, (E,E)-␣-farnesene, and a fourth compound was not identiÞed, although its mass spectrum had the appearance of a farnesene isomer previously reported by Ló pez-Guillen et al. Percentages were based on observations of groups of 10 males (n ϭ 6) divided into treated and control categories. Error bars represent the standard error. ***Mean signiÞcant difference between treated males compared with control at P Ͻ 0.001 and ** at P Ͻ 0.01. 1996) . (E,E)-␣-farnesene was identiÞed by comparing mass spectral data with database and Kovats index. Both treated and control males released the same volatiles, although treated males started to release volatiles before control males. For example, 4-d control males did not release any volatile compounds, whereas males of the same age treated with methoprene released four volatile components (Fig. 3) . The results of MANOVA revealed that the quantity of volatiles released by males treated with methoprene were higher than those released by control males. MANOVA showed that the quantity of volatiles released was affected by treatment with methoprene (PillaiÕs test F ϭ 10.0; df ϭ 4, 90; P Ͻ 0.001). The ANOVA results showed that the quantity released of (Z)-3-nonenol was affected by treatment with methoprene (F ϭ 16.5; df ϭ 1, 93; P Ͻ 0.001) and by male age (F ϭ 3.63; df ϭ 7, 93; P Ͻ 0.01) (Fig. 4a) . The quantity released of (Z,E)-␣-farnesene was affected by treatment with methoprene (F ϭ 25.5; df ϭ 1, 93; P Ͻ 0.001) and male age (F ϭ 9.81; df ϭ 7, 93; P Ͻ 0.001) (Fig. 4b) . The quantity released of (E,E)-␣-farnesene was affected by treatment with methoprene (F ϭ 26.7; df ϭ 1, 93; P Ͻ 0.001) and male age (F ϭ 10.1; df ϭ 7, 93; P Ͻ 0.001) (Fig. 5a) . Finally, the ANOVA results illustrated that the quantity released of the unidentiÞed compound was affected by treatment with methoprene (F ϭ 24.1; df ϭ 1, 93; P Ͻ 0.001) and male age (F ϭ 6.7; df ϭ 7, 93; P Ͻ 0.001) (Fig. 5b) .
Discussion
Methoprene is a juvenile hormone analog that acts on the endocrine system of insects, interfering with essential life processes such as metamorphosis and reproduction (Vogel et al. 1979) . Methoprene affects the insect maturation and reproduction by mimicking the activity of the juvenile hormone. Exposure to methoprene during the adult presexual maturation period accelerates male tephritid development and may lead to greater sexual success through increased pheromone production (Teal et al. 2000, Teal and Gomez-Simuta 2002) .
In this study, we found that the dose of 5-g methoprene was effective to accelerate calling and mating of treated males. Preliminary trials showed that the dose of 3 g of methoprene did not affect the sexual behavior of treated males, and a dose of 7 g of methoprene killed the treated males. Previous studies have shown that the dose of 5-g methoprene reduced the time required for sexual maturation and improved sexual competitive of A. suspensa, A. ludens, and Anastrepha fraterculus (Wiedemann) males (Teal et al. 2000 (Teal et al. , 2007 Segura et al. 2009 ). We also found that a higher number of treated males displayed calling and mating behavior compared with control males. Similar results also have been reported in species with long adult precopulatory periods, such as A. suspensa, A. ludens, and A. fraterculus (Teal et al. 2000 (Teal et al. , 2007  Pereira et al. 2009 Pereira et al. , 2010 Segura et al. 2009 ). In these species, the ßies treated with methoprene enhanced their sexual performance. In contrast, C. capitata (a fast maturing species) and Bactrocera dorsalis Hendel (a slow maturing species) did not experience acceleration in sexual maturity when they were treated with methoprene (Faria et al. 2008 , Shelly et al. 2009 ). In the case of A. obliqua, mass reared males normally reach sexual maturity at 6 Ð 8 d after adult eclosion (Meza-Hernández et al. 2002) ; in the current study, methoprene-treated males initiated calling and mating 2 d earlier than control males. These Þndings coincide with those reported by Teal et al. (2007) . However, Aluja et al. (2009) found that the effect of methoprene was totally absent in A. obliqua males. Last authors concluded that additional research is necessary to determine if the lack of signiÞcant effects detected in A. obliqua is connected with other factors such as methoprene dosage or the dispensing method used. Moreover, it has to be determined whether methoprene treatments are more effective with ßies reared on artiÞcial diets.
Our results also indicated that males treated with methoprene not only experienced earlier maturation and increased calling and mating, but also increased the quantity of major volatiles produced that were released earlier. We found that A. obliqua males treated with methoprene began releasing volatiles 2 d previous to control males. In A. suspensa, males treated with juvenoids engaged in sexual signals, pheromone release, and mated at signiÞcantly earlier ages than control males (Teal et al. 2000) . According to our Þndings, A. obliqua untreated males did not release volatiles until they were 6 d old, when sexual signaling began, exhibiting a positive relations among calling, mating, and release of volatile compounds, as reported previously (Ló pez-Guillen et al. 2008) . In contrast, A. obliqua males treated with 5 g of methoprene began calling, mating, and releasing volatiles when they were just 4 d old, maintaining a positive relationship between calling, mating, and volatile release. A positive relationship between calling and release of pheromone has also been observed in C. capitata males when treated with 5 g of methoprene (Teal et al. 2007 ). In addition, we report that the GC-MS analyses demonstrated treated and untreated A. obliqua males consistently releasing the same compounds reported previously for this species (Ló pez-Guillen et al. 2008) . Previous work with A. suspensa and C. capitata reported quantity of total pheromones but not released compounds (Teal et al. 2007) .
Earlier maturation of A. obliqua males reported in this study could potentially reduce the costs of ßy holding, feeding, and handling operations at ßy emergence and release facilities. Early maturation is particularly important in Anastrepha species with long adult precopulatory periods (Aluja 1994) . Sterile A. obliqua males treated with methoprene might be ready to release 2Ð 4 d earlier than untreated males, which implicates that space and resources for storage of adult could be reduced. Similar results were observed in A. suspensa males treated with methoprene, which may be ready for release 2Ð3 d earlier compared with untreated males (Pereira et al. 2010 ). In the National Fruit Fly Eradication Campaign of Mexico that incorporates SIT against A. obliqua, producing, holding, feeding, and handling ßies is expensive. This cost may be reduced by incorporating methoprene to ßy diet. In addition, the release of sexually mature males treated with methoprene may represent a signiÞcant increase of SIT efÞcacy in the Þeld. However, in future, studies will be necessary to measure the effect of methoprene when incorporated to A. obliqua diet.
